Aim: There is great variation of growth among individuals. The question whether patients with different skeletal discrepancies grow differently is biologically interesting but also important in designing clinical trials. The aim of the present study was to evaluate whether growth direction depends on the initial craniofacial pattern. Subjects and method: The sample consisted of 350 lateral cephalograms of 175 subjects (91 females and 84 males) followed during normal growth without any orthodontic treatment. The examined ages were 12 (T1) and 14 (T2) years. The cephalograms were obtained from the American Association of Orthodontists Foundation (AAOF) Craniofacial Growth Legacy Collection (Burlington, Fels, Iowa, and Oregon growth studies). We digitally traced 15 curves on each cephalogram, comprehensively covering the craniofacial skeleton, and located 127 points on the curves, 117 of which were sliding semilandmarks and 10 fixed. Procrustes alignment, principal component analysis and two-block partial least squares analysis were performed, after sliding the semilandmarks to minimize bending energy. Results: The first 10 principal components (PCs) described approximately 71 per cent of the total shape variance. PC1 was related to shape variance in the vertical direction (low/high angle skeletal pattern) and PC2 was mainly related to shape variance in the anteroposterior direction (Class II/Class III pattern). PC3 was mainly related to the shape variance of the mandibular angle. All subjects shared a similar growth trajectory in shape space. We did not find any correlation between the initial shape and the magnitude of shape change between T1 and T2, but males showed a greater shape change than females. The direction of shape change was moderately correlated to the initial shape (RV coefficient: 0.14, P < 0.001).
Introduction
There is great variation among individuals regarding growth pattern, direction of growth, and amount of growth (1) (2) (3) (4) (5) (6) . Nevertheless, the suggestion that patients with similar craniofacial patterns tend to grow alike, and different to others, is pervasive. This notion is essential for growth prediction but also relevant to randomized controlled trials, for deciding whether the control group needs to be skeletally similar to the treatment group. Such similarity imposes difficulties in procuring subjects and raises the ethical problem of not treating the control patients who are in a comparable need.
Unfortunately, the evidence for or against an association between the craniofacial pattern and the future growth pattern is weak and conflicting. Methodological issues are a major factor: some researchers study the growth of each anatomic region separately (5, 7, 8) , whereas others do a comprehensive analysis in all planes of space (9) (10) (11) ; different methods of analysis are used, including the finite element method (12) , tensor analysis (13) , polynomial regression techniques (14) , Procrustes analysis (8) , conventional cephalometric measurements (15) , and others (5, 16, 17) ; growth amount and direction are recorded relative to a reference plane (7, 14, (18) (19) (20) , or as the European Journal of Orthodontics, 2017, 386-394 doi:10.1093/ejo/cjw070 Advance Access publication 10 December 2016 movement of a single point along a particular axis (9, 18, 20) , different superimposition methods are used, which might influence the results (21) ; additionally, the extent of skeletal heterogeneity in the sample could affect the magnitude of the observed associations (5, 14, 22, 23) .
A significant problem of studies that evaluate the craniofacial complex regarding its pattern (i.e. shape) is the use of conventional linear and angular measurements (24, 25) . The specific measurements listed in such studies can only be a limited collection of the total set of conceivable measurements, therefore an arbitrary collection, providing a potentially biased and partial description of shape. In addition, size and shape are confounded, statistical analysis is troublesome because of intercorrelations between measurements, and interpretation of the results is problematic and non-visual. In this study, we used geometric morphometrics (GM) to overcome such issues and evaluate how craniofacial shape changes during growth and whether this change is related to the initial craniofacial pattern.
Materials and methods
We searched the American Association of Orthodontists Foundation (AAOF) Craniofacial Growth Legacy Collection for subjects fulfilling our inclusion criteria. We included in our sample subjects of both sexes, with no prior orthodontic treatment, and 2 lateral cephalograms at age 12 (T1) and 14 (T2). The selected ages ranged from 12 years ± 3 months to 14 years ± 3 months to represent the usual age range of orthodontic treatment. Our initial search resulted in 227 subjects, with 454 radiographs in total from the Burlington, Fels, Iowa, and Oregon growth studies. After receiving high-resolution images, we examined all radiographs and applied the following exclusion criteria: 1. fixed appliances, including space maintainers; 2. poor image quality; 3. teeth not in occlusion; and 4. extreme craniofacial pattern. We excluded 70 radiographs due to subjects wearing fixed orthodontic appliances. Thirty-four radiographs were also excluded from our final sample due to poor quality (open mouth and poor condition of images). The final sample consisted of 175 subjects (91 females and 84 males), 65 of which were from Burlington, 53 from Iowa, 29 from Fels, and the remaining 28 from Oregon Growth Study (Tables 1 and 2) .
Fifteen continuous curves were digitized on each lateral cephalogram using the Viewbox 4.1 software (dHAL software, Kifissia, Greece) in order to comprehensively capture the shape of the craniofacial complex ( Figure 1 and Table 3 ). For anatomic structures with a double outline, we traced a curve between the two shape outlines. As curves cannot be used directly in GM, we placed 127 landmarks on the curves. We selected two different types of landmarks: 11 points could be easily identified by local anatomy and therefore were considered homologous among subjects and were characterized as fixed points. Fixed points included customary cephalometric points such as anterior nasal spine (ANS) or basion (Ba). The remaining 116 points were semilandmarks (26) (27) (28) (29) (30) . These points were initially placed at equidistant positions on their corresponding curve, but then they were allowed to slide to a new position that minimized bending energy. The final position, obtained after iteratively sliding three times, was considered homologous between subjects (27, 29 (31) . The Procrustes coordinates were fed to principal component analysis (PCA) to obtain principal components (PCs) of shape variation. The PCs describe the shape pattern of our sample and define the sample's shape space. We used the following three criteria: rnd-lambda, the broken stick criterion and the avg-rnd to evaluate the number of meaningful PCs (32) . The first 18 PCs were specified as significant by these criteria.
Permutation tests were performed in order to detect any shape differences among different geographic regions. Additionally, permutation tests were applied to investigate age, sex, and shape relations. A t-test assuming unequal variances was calculated to compare magnitude of shape change among males and females.
We performed two-block partial least squares analysis (2B-PLS) (33) for the whole sample and for each gender separately, to investigate the extent of covariation between the initial position of each subject in the shape space and the change of shape during growth, the latter expressed as a vector in shape space, from the initial position at T1 (12 years) to the final position at T2 (14 years). The analysis was performed with MorphoJ software (34) and the RV coefficient evaluated the covariation strength (35) . Alpha level for all statistical analyses was set at 0.05.
Method error
In order to estimate the error of the method, 30 radiographs were randomly selected and redigitized by the same investigator after a minimum of 4 weeks. Random error was expressed as the Procrustes distance between the repeated tracings in shape space in comparison with the total shape variance. The univariate normality tests detected 13 potential outliers (7 per cent of the sample size). After removing them no disparity from multivariate normality was evident. We ran the whole statistical analysis both with and without the outliers and obtained virtually identical results (available on request), supporting the robustness of GM methods against small deviations in multivariate normality. Below we report the results from the whole sample.
Generalized Procrustes superimposition and PCA
Due to Procrustes alignment, four degrees of freedom are lost, therefore 250 non-zero PCs were computed for the 127 landmarks. The 18 first PCs (PC1-PC18) were considered statistically meaningful and described 84 per cent of the total shape variability ( Table 4) . The three first PCs embodied approximately 40 per cent of total shape variability, PC1 described 19 per cent, PC2 13 per cent and PC3 around 8 per cent. PC1 primarily described the vertical dimension of the craniofacial complex, namely the contrast between the hyper-divergent and hypo-divergent skeletal patterns ( Figure 2 ). PC2 mostly described the variability in the anteroposterior dimension, with Class II skeletal patterns on one extreme and Class III patterns on the other ( Figure 3 ). PC3 was mainly related to the shape variance of the mandibular angle: low values represented low gonial angles and increased posterior facial height, whereas the opposite applied to high values ( Figure 4 ).
Geographic region and initial shape difference
Permutation tests showed a statistically significant difference among the populations of all regions at T1 (P < 0.01). The greatest shape difference was noted between Fels and Oregon at 12 years (6.60 per cent of the total shape variability). A statistically significant difference was also observed at the final age among all regions (P < 0.01). We decided to pool the subjects from all regions in order to increase generalizability of the results and because the inter-region shape differences were small relative to the total shape variability.
Age, sex, and shape correlation A statistically significant difference was noted between the two sexes both at 12 years and at 14 years (10 000 permutations: P = 0.03 and P = 0.01, respectively). Shape sexual dimorphism was 3.60 per cent of the total shape variability at T1 and increased to 4.14 per cent at T2. There was a significant shape change with growth from 12 to 14 years for the whole sample and for each gender separately (10 000 permutations, P < 0.001). Magnitude and direction of shape change
The shape change for both males and females was in the same direction, but the male vector in shape space was longer, indicating a more pronounced shape change (t-test assuming unequal variances, P < 0.001, Table 5 , Figures 6 and 7 ). Males experienced a shape change of 6.10 per cent of the total shape variability, whereas females changed their craniofacial shape by 4.84 per cent. Regression analysis showed no correlation between initial shape and magnitude of shape change (males: P = 0.17, R 2 = 16 per cent, females: P = 0.09, R 2 = 17 per cent ).
Two-block partial least squares analysis (2B-PLS)
Shape change covaried significantly but weakly with initial shape (RV coefficient: 0.14, P < 0.001). We investigated each gender separately with similar results (males: RV = 0.24, P < 0.01, females: RV = 0.2, P = 0.03), other than an expected inflation of the RV value due to smaller sample size (36) . PLS1 accounted for more than 25 per cent of the total covariance and PLS2 for approximately 17 per cent (Table 6 ). PLS1 described differences in the relative position of the mandible and the posterior cranial base along an anteroposterior axis (roughly aligned from Ba to Pg; Figure 8 ). Subjects with a relative anterior cranial base position and posterior mandibular position (here: at the positive extreme of the PLS1 axis) are expected to exhibit a shape change towards a more anterior position of the mandible, in relation to the average shape change (Figure 9 ). Such a growth pattern would result in improvement of the overall craniofacial shape, bringing it closer to the population average. Likewise, subjects at the negative extreme of the PLS1 axis, who show relative mandibular protrusion, would also improve in overall shape. The two extremes,PLS1+ and PLS1− exhibit different craniofacial shapes, which are likely to show the greatest difference in the direction of their shape change during growth.
PLS2 contrasted subjects in the vertical direction, with hyperdivergency at one extreme (here: positive PLS2) and hypo-divergency at the other (negative PLS2; Figure 10 ). In contrast to PLS1, the 2B-PLS analysis showed that subjects at the extremes of the PLS2 pattern would tend to worsen with growth, mainly due to shape changes at the gonial angle: increasing an already high mandibular plane angle or decreasing an already low angle ( Figure 11 ).
Discussion
Although there are no clear guidelines to estimate sample size in geometric morphometric studies (36), we followed the results of Fruciano et al. (37) , because we mainly examined covariation. We aimed for a sample size larger than the minimum of 100 subjects required to stabilize the RV coefficient (37) and comparable to the sample size of studies investigating craniofacial variation (38, 39) . Final sample size was limited by the availability of subjects from the selected growth studies of the AAOF Craniofacial Growth Legacy Collection that fulfilled our inclusion and exclusion criteria. The sample consisted of normal untreated subjects of White-Caucasian race who lived around the 1950s and exhibited a wide variety of craniofacial shapes. The historical nature of the data might not accurately reflect the shape change trends of a contemporary population. In addition, the subjects were pooled from different geographical regions with potentially different environmental conditions, nutritional habits, or genetic ancestry, all of which might reflect on craniofacial shape and growth (40, 41) .
The use of lateral cephalograms is a recognized limitation but unavoidable with this material. In an effort to capture craniofacial shape more comprehensively than the customary collection of cephalometric landmarks affords, we used a total of 127 points, distributed on traditional anatomic structures and additionally on structures not usually considered in cephalometric studies, such as the pterygomaxillary fissure, the zygomatic process of the maxilla and the anterior border of the ramus. A small number of these points were type I landmarks (13, 30) , i.e. identified by local anatomy [e.g. ANS, posterior nasal spine (PNS)]; we excluded all type III landmarks (e.g. A point, B point, Pg, Me, Gn) in order to avoid bias and used sliding semilandmarks to achieve closer homology (26) (27) (28) . This methodology was developed in our Department and has been applied successfully in other studies of shape covariation (42, 43) .
Due to the methodological differences described above, especially the use of non-conventional landmarks and the emphasis on geometric shape measures and concomitant exclusion of linear and angular measurements, our findings are difficult to compare with other studies.
Generalized Procrustes superimposition and PCA
The largest PC was related to variability of the craniofacial complex in the vertical direction. Thus, despite the fact that skeletal discrepancies in the anteroposterior direction are easily recognized and have traditionally been the focus of orthodontic diagnosis, variability in the vertical direction seems to be more prominent (24, 38, 44) . 
Shape changes
The craniofacial shape of males changed more than that of females during the examination period ( Supplementary Figures 1 and 2 , Figure 7 ). This is consistent with the findings that boys experience more growth, and therefore presumably more shape change, during adolescence, than girls (3, 9, 19) . Furthermore, prior to the onset of puberty, girls have achieved a greater proportion of their growth than boys (3, 6) . We found that the shape of the mandible changed more than that of the maxilla, leading to a slight improvement in the sagittal relation of the craniofacial complex, but the overall facial pattern was maintained during growth, so, e.g. a hypo-divergent subject is unlikely to become hyper-divergent ( Figure 5 ). These results are in agreement with those of other researchers who found that the mandible grows more than the maxilla during adolescence (3, 45) . Although most subjects did not divert substantially from the mean direction of shape change, we observed individual variability, irrespective of gender or initial shape of the craniofacial complex. This is consistent with other studies that individual growth patterns do not necessarily follow the group pattern (3) and that regardless of facial type, similar growth direction has been demonstrated (6) ( Figure 6 ). The lower border of the mandible and the region of the symphysis exhibited apparent shape changes, despite the fact that the symphysis is considered to be a relatively stable region of the craniofacial complex (46) (Figure 5) . The changes at the symphysis are attributed to the Procrustes superimposition, which distributes shape differences over the whole landmark configuration. Slight shape changes were noted at the ramus of the mandible. The mandible 6.52 RV coefficient: 0.14 RV coefficient: 0.24 RV coefficient:0.20 P < 0.00 P < 0.00 P = 0.03 Figure 8 . Blue: PLS1+ extreme subject at T1. Black: average subject at T1. Red: PLS1− extreme subject at T1.
moved slightly downwards and forwards in relation to the other craniofacial structures. Chang et al. (8) reported that the condylar head of the mandible showed the greatest shape change, presenting an upward and forward growth. They also observed comparable shape changes to ours between the genders, for a similar growth interval. We noted a decrease of facial convexity, in line with other studies (14) . Our subjects experienced a slight anterior rotation of the mandible ( Figure 5 ). As a result, the mandibular plane angle showed a tendency to decrease with age, which is in agreement with the results of Buschang et al. (7), who reported a 2 degree decrease between the ages 12 and 14. Our finding that the directions of shape change were almost parallel between subjects confirms that there are no significant differences in growth direction (angle N-S-Gn),
for subjects showing either a vertical or a horizontal shape pattern (5) . On the contrary, it is stated that Class II and Class I subjects exhibit different growth directions (47) . We did not notice any difference between the genders regarding the direction of shape change, which is consistent with previous results (48) . Mitani et al. suggested that the morphologic characteristics established before the pubertal growth peak do not change and are maintained thereafter (49) . It has also been reported that males showed significantly more forward mandibular rotation than females (19) . We found that there was no correlation between initial shape and magnitude of shape change, i.e. contrasting to the finding that Class III subjects experienced greater mandibular growth than subjects with normal occlusion, both in males and females (23) . This might be attributed to size changes during growth or to a misleading classification of subjects when using angular and linear measurements from conventional cephalometrics. We noted only slight shape changes of the maxilla during our observation period. Both, Procrustes superimposition on all points and on cranial base points revealed small downward direction of shape change of the maxilla ( Figure 5 ). This is a common knowledge in orthodontics that the maxilla presents a downward and forward migration in relation to the rest of the craniofacial complex (50) (51) (52) .
Regarding the cranial base, we noticed a forward direction of shape change for both genders. In the past, it has been stated that cranial base angle tends to remain relatively constant between 5 and 15 years of age (15) . The cranial base grows less during adolescence relative to its final size than the mandible or maxilla does (3). Others showed that neither sex presented statistically significant differences in cranial base angle, although both showed a slight decrease with growth (48) .
In the region of the nasal and of the frontal bone, we noticed some shape changes in both genders. The frontal bone changes were not expected but can be explained by the fact that we were looking at a Procrustes alignment and size has been equalized. The frontal bone at T2 is therefore relatively smaller than it would be (because the mandible and maxilla are relatively larger); as the frontal bone is similar to a circle, if it becomes smaller, its curvature increases and this is why it seems to move posteriorly at the superior part. Moreover, pneumatization of the frontal and ethmoid sinuses results in greater shape changes of the neighbouring structures. 
Shape covariation
The RV value of 14.22 per cent shows that there is significant covariation between the initial craniofacial shape and the direction of shape change, but there is also enough leeway for other variables affecting the direction of shape change. The PLS1 covariance pattern indicates that the sagittal discrepancy tended to improve, i.e. Class II subjects tended to become less Class II and Class III subjects less Class III. This is consistent with the studies showing a decrease of the angle of convexity with age in Class II division 1 patients (14, 53, 54) . On the other hand, there are several studies that propose that sagittal disharmony does not improve with growth, but the deficiency tends to worsen (15, 17, 22, 47, 55, 56) .
Regarding PLS2 covariance, subjects with a hyper-divergent skeletal pattern tended to become more hyper-divergent during our examination period and hypo-divergent subjects likewise diverted from the average towards a more hypo-divergent craniofacial shape. Bishara et al. (6) found that all three facial types (long, average, and short) maintained the existing growth pattern during growth, by a tendency towards worsening their skeletal relationships. Similar results have been proposed for vertical growers (5) .
Although the RV coefficient, which described the total covariation of the initial shape with the direction of shape change, was statistically significant, it was not very strong. This suggests that there are other factors that may affect the direction of shape change during growth. Numerous growth prediction methods have been proposed (57) (58) (59) , but with limited success. GM and covariation analysis can provide a confidence interval for the predicted craniofacial shape, based on average changes augmented by covariance patterns; this is the subject of ongoing research. Our findings support clinical experience that calls for special attention when planning treatment of patients with vertical discrepancies. It might also be interesting to examine growth changes with the proposed method for a longer time period, instead of the 2 years we studied.
Conclusions
1. Ten PCs described approximately 71 per cent of the total shape variability. 2. Most subjects shared a similar growth direction. 3. The vectors of shape change were similar for all geographic regions. 4. There was no correlation between the initial shape of the craniofacial complex and the magnitude of shape change. 5. Males showed a greater shape change than females. 6. The initial shape difference among the sexes increased after 2 years of active growth. 7. Shape change covaried significantly but weakly with initial shape and the clinical significance is doubtful.
Supplementary material
Supplementary material is available at European Journal of Orthodontics online.
Funding
This study was made possible by use of material from the Burlington Growth Centre, Faculty of Dentistry, University of Toronto, which was supported by funds provided by grant (1) (no. 605-7-299) National Health Grant (Canada), (data collection); (2) Province of Ontario Grant PR 33 (duplicating) and (3) the Varsity Fund (for housing and collection).
